Nasal hyperresponsiveness (NHR) is a characteristic feature of allergic rhinitis (AR); however, the pathogenesis of NHR is not fully understood. In this study, during the establishment of an experimental AR model using ovalbumin-immunized and -challenged mice, augmentation of the sneezing reaction in response to nonspecific proteins as well as a chemical stimulant was detected. Whether NHR is independent of mast cells and eosinophils was determined by using mast cell-and eosinophil-deficient mice. NHR was suppressed by treatment with anti-CD4 antibody, suggesting the pivotal contribution of CD4 + T cells. Furthermore, antigen challenge to mice to which in vitro-differentiated Th1, Th2, and Th17 cells but not naïve CD4 + T cells had been adoptively transferred led to the development of equivalent NHR. Since antigen-specific IgE and IgG were not produced in these mice and since antigen-specific IgE-transgenic mice did not develop NHR even upon antigen challenge, humoral immunity would be dispensable for NHR. CD4 + T cells play a crucial role in the pathogenesis of AR via induction of NHR, independent of IgE-, mast cell-, and eosinophil-mediated responses.
Introduction
Patients with allergic rhinitis (AR) develop several nasal symptoms including sneezing, rhinorrhea, and nasal congestion upon provocation with sensitized antigens. It is commonly considered that these symptoms are mediated by histamine and other chemical mediators derived from mast cells; therefore, IgE-mediated degranulation of these cells seems to have a crucial contribution to the induction of nasal responses [1, 2] . AR is also characterized by submucosal inflammation associated with massive accumulation of inflammatory cells including eosinophils and T cells, like other allergic diseases [1, 3] .
Sneezing is a physiological response evoked by stimulation of the nasal mucosa by physical and chemical irritants. It is also known that the sneezing response to non-antigenic stimuli is augmented in AR patients. Threshold histamine doses for inducing this response are significantly lower in AR patients than in healthy controls and are inversely correlated with the severity of nasal symptoms [4] [5] [6] . In the case of seasonal nasal allergies such as pollinosis, the extrinsic histamine-induced sneezing response is enhanced in the pollen season but not during the off-season, and a positive correlation is seen with increase in the amount of nasal secretion [7] .
The development of allergic inflammation in the nasal submucosa is related to nasal hyperresponsiveness (NHR); however, the mechanisms underlying enhancement of the sneezing response in patients with AR is still unclear. Histamine reactivity increases in AR patients on provocation with the corresponding antigen and the extent of increase is correlated with the number of eosinophils and neutrophils in nasal lavage fluid (NALF) [8] [9] [10] . Decrease in nasal eosinophil infiltration on beclomethasone treatment is also correlated with reduction of histamine-induced sneezing and N-alpha-tosyl L-arginine methyl ester esterase activity [9] . However, the contribution of these cell types to NHR has not been directly indicated.
Although a series of nasal symptoms is induced via the IgE/mast cell-dependent pathway, a crucial contribution of CD4 + T cells to the development of allergic inflammation in nasal submucosa has also been demonstrated. Increases in activated CD4 + T cells as well as T cell cytokines are detectable in the allergic nasal tissues and NALF of AR patients [11] [12] [13] . These responses are further increased by antigen provocation [14, 15] and are inhibited by treatment with steroids and allergen specific immunotherapy, in association with the alleviation of nasal symptoms [11] [12] [13] [16] [17] [18] [19] . However, until date, there is not much evidence indicating the contribution of CD4 + T cells to the pathogenesis of AR, especially the development of NHR, despite numerous investigations that indicated a close relationship between CD4 + T cells and bronchial hyperresponsiveness (BHR) in asthmatic patients [20] [21] [22] [23] [24] . Therefore, in our present study, the role of CD4 + T cells in antigen-induced NHR was investigated. During the establishment of a murine model of AR, we found that the sneezing response evoked by nonspecific stimuli was enhanced in antigen-immunized and -challenged mice. By employing a variety of animals and materials including mast cell-and eosinophil-deficient mice, antigen-specific IgE-transgenic (Tg) mice, CD4 + cell-depleting antibody (Ab), and mice to which antigen-specific T cells had been adoptively transferred, an essential role of CD4 + T cells in the development of NHR was elucidated.
Materials and Methods

Animals
Six-week-old female BALB/c mice were purchased from Japan SLC (Shizuoka, Japan). DO11.10/RAG-2 -/-mice were generated and maintained for antigen-specific T cell preparation as described previously [22] . Mast cell-deficient (W/W v ), eosinophil-deficient (ΔdblGATA), and anti-ovalbumin (OVA) IgE-Tg mice were introduced and maintained as previously reported [23] [24] [25] . The experimental protocols were approved (nos. 11-073, 12-36, 13057, 14027, and 15035) by the Animal Use and Care Committee of Tokyo Metropolitan Institute of Medical Science.
In vitro polarization of T cells
Antigen-specific Th1, Th2, and Th17 cells were prepared as described previously [22, 26] . Briefly, OVA-specific naïve CD4 + T cells were isolated from splenocytes of DO11.10/RAG-2 -/-mice by positive selection using CD4 microbeads and a magnetic cell sorting system (Miltenyi, Biotec BmbH, Bergisch Gladbach, Germany). Cells were cultured with X-ray-irradiated splenocytes in DMEM-F12/HAM medium (Sigma-Aldrich, MO, USA) supplemented with 10% fetal bovine serum. At the start of culture, 0.3 μM synthetic OVA323-339 peptide and 10 U/ml recombinant IL-2 (Shionogi, Osaka, Japan) were added. For the development of each subset, appropriate cytokines and anti-cytokine Abs were also added as described previously [22, 27] . Seven days after the stimulation, cells were harvested and used for adoptive transfer. The polarization of T cell subsets was confirmed by flow cytometry with intracellular cytokine staining after stimulation with phorbol ester plus Ca 2+ ionophore as described previously [22] .
Antigen immunization, cell transfer and challenge ) were injected i.v. in each mouse. Twenty-four hours later, the mice were challenged by i.n. administration of OVA or saline once a day for 3 consecutive days. The accumulation of transferred Th2 cells in NALF and nasal associated lymphoid tissue (NALT) was evaluated by flow cytometry upon staining with anti-DO11.10-TCR-PE (BD Bioscience, CA, USA) and anti-CD4-APC eFluor780 Abs.
Serum levels of antigen-specific immunoglobulins in these mice were measured by ELISA using HRP-conjugated anti-mouse IgE mAb (Serotech, Oxford, UK) and goat anti-mouse IgG, IgG 1 , IgG 2a , IgG 2b , and IgG 3 (Southern Biotech Associates, Birmingham, AL) Abs for detection, as described previously [28] . Data are presented as the optical density (O.D.) values measured at 450 nm.
NHR, nasal lavage (NAL), and histological analyses
NHR was assessed by counting the number of sneezes for 5 min just after i.n. administration of 10 μl each of several proteins (30 mg/ml) and histamine (100 mM except for a dose-response study). NAL analysis was performed 6 h after the last antigen challenge. Inflammatory cells in the NALF were classified by means of morphological criteria as described previously [22, 29] . Lateral nose sections (5 μm thick) were stained with hematoxylin and eosin and observed under optical microscopy. Subsequently the number of infiltrated eosinophils was determined and the epithelial damage was evaluated as described previously [30] by grading 0 for normal epithelium, 1 for cilia loss, 2 for eroded upper cell layer and intact basal cell layer, and 3 for eroded epithelium.
Total RNA was extracted from the nasal tissue. After reverse transcription using a random primer (Toyobo, Osaka, Japan) and SuperScript III reverse transcriptase (Thermo Fisher Scientific, Inc., Waltham, MA), quantitative real-time RT-PCR for IFN-γ, IL-4, IL-5, IL-13, IL-17, and eosinophil peroxidase (EPO) was performed using Assay-on-Demand TM Gene Expression Products (TaqMan 1 MGB probes, Thermo Fisher Scientific, Inc.) with a CFX96 TM Real-Time PCR Detection System (Bio-Rad, Hercules, CA) as described previously [31] .
Statistical analysis
The results have been presented as arithmetic mean ± SEM. Statistical analysis was performed using Mann-Whitney U test for comparison between two groups and Kruskal-Wallis test with Dunn's multiple comparison test for three groups or more. p < 0.05 was considered to indicate statistical significance.
Results
Antigen-induced NHR in immunized mice
This experiment was performed in order to establish an AR model in mice. Intranasal OVA challenge to immunized BALB/c mice ( Fig 1A) induced a sneezing response, and the extent of this response gradually increased following repeated antigen challenge ( Fig 1B) . This seemed to be antigen-specific since a nonspecific protein, BSA, failed to induce significant sneezing even with repeated challenge. However, challenge with BSA after 7-time OVA challenge evoked sneezes equivalent to the number induced by OVA (Fig 1B) . The induction of a sneezing response by BSA was already observed after only 2 times OVA challenge, and its extent increased following repeated antigen challenge (Fig 1C) . Furthermore, the antigen-induced increase in sneezing response was also detectable using histamine ( Fig 1C) and casein (S1A Fig) as final stimulants. Intranasal administration of histamine could induce sneezing in a concentration-dependent manner even in saline-challenged mice; this response was significantly enhanced in antigen-challenged mice (S1B Fig) . These findings suggest that NHR is induced in antigen-immunized mice upon antigen provocation. NHR was significantly detectable at 3 h after 4-time antigen challenge, peaked at 6 h, and disappeared by 48 h (Fig 1D) . Six hours after 4-time repeated antigen challenge, the numbers of lymphocytes, eosinophils, and neutrophils in the NALF significantly increased (Fig 2A) . At that time point, mRNA expression of IL-4, IL-5, IL-13, and EPO significantly increased on OVA challenge, whereas the expression of IFN-γ and IL-17 was unchanged (Fig 2B) . Disarrangement of epithelial layers as well as massive accumulation of inflammatory cells, including eosinophils was also observed in the nasal submucosa of OVA-challenged mice (Fig 2C and 2D) . 
Contribution of mast cells, eosinophils and CD4 + T cells to NHR
To elucidate the mechanisms underlying NHR, the contributions of mast cells and eosinophils were examined by employing mice deficient in these cells. Antigen-induced increase in histamine-evoked sneezing response (Fig 3A) , nasal infiltration of inflammatory cells (Fig 3B) , and serum IgE response ( Fig 3C) were similarly observed in W/W v mice and their congenic littermates (+/+). Furthermore, the extent of antigen-induced NHR was equivalent in ΔdblGATA and wild-type (WT) mice (Fig 4A and S2 Fig) although nasal accumulation of eosinophils was completely abrogated in ΔdblGATA mice (Fig 4B) . The numbers of lymphocytes and neutrophils recovered in the NALF of ΔdblGATA mice upon OVA challenge were not significantly different from those of WT mice (Fig 4B) . Essentially the same antigen-specific IgE response was also observed in ΔdblGATA and WT mice (Fig 4C) . A pivotal role of CD4 + T cells in antigen-induced NHR was elucidated by the CD4 depletion study. Administration of an anti-CD4 mAb to immunized mice depleted peripheral CD4 + T cells almost completely (Fig 5A) . Consequently, antigen-induced increase in the histamine-evoked sneezing response was significantly suppressed (Fig 5B) . Nasal infiltration of eosinophils, neutrophils and lymphocytes was also significantly diminished ( Fig 5C) . These findings suggest that CD4 + T cells, but not mast cells or eosinophils, are required for the induction of NHR.
Antigen-specific T cells confer NHR
After determining the essential role of CD4 + T cells in NHR, we investigated whether T cells by themselves could induce NHR. Antigen-specific Th1, Th2, and Th17 cells were established by Six hours after the last challenge (day 43), the number of sneezes evoked by histamine (A), the accumulation of lymphocytes, neutrophils, and eosinophils in NALF (B), and the antigen-specific serum IgE levels were examined (C). Data are expressed as mean ± SEM for 4-9 animals. *p < 0.05, **p < 0.01, ***p < 0.001, compared with saline-challenged control mice (Mann-Whitney U test). in vitro stimulation culture. After the assessment of adequate differentiation of each subset by intracellular cytokine staining [22] , T cells were adoptively transferred to normal mice. Upon antigen provocation, significant increase in histamine (Fig 6A)-and BSA (S3A Fig)- induced sneezing response was observed in mice to which Th1, Th2, and Th17 cells had been transferred. In the NAL examination, eosinophil-dominant cellular infiltration was observed in the case of Th2 transfer, whereas neutrophil-rich nasal inflammation was induced by Th1 and Th17 (Fig 6B) . and IL-17A mRNA expression was preferentially induced in the case of Th1, Th2, and Th17 transfer, respectively, by antigen challenge (Fig 6C) , suggesting that these subsets exhibited their representative phenotypes in vivo. Antigen challenge to naïve CD4 + T cell-transferred mice failed to induce significant NHR, nasal accumulation of inflammatory cells, and cytokine expression (Fig 6) .
Role of IgE in NHR
Although significant contribution of mast cells to NHR was improbable, antigen-specific IgE could still play some roles in allergic responses via the activation of basophils. Therefore, the contribution of IgE to the development of NHR was investigated by employing anti-OVA IgE-Tg mice. In contrast to mice to which T cells had been transferred and which did not produce significant amounts of OVA-specific IgE as well as IgG and its subclasses, a large amount of antigen-specific IgE was detected in the sera of IgE-Tg mice (Fig 7A) . The serum IgE levels in IgE-Tg mice were equivalent to those in antigen-immunized wild-type mice, whereas antigen-specifc IgG and its subclasses were almost undetectable in IgE-Tg mice. Antigen-specific IgE and IgG were also not detectable in unimmunized naive mice (data not shown). An increase in the histamine-evoked sneezing response was not observed in IgE-Tg mice even upon antigen challenge (Fig 7B) , and there was almost no recovery of inflammatory cells in the NALF (Fig 7C) .
Discussion
Our present study clearly demonstrated that the development of NHR in antigen-immunized and -challenged mice was dependent on CD4 + T cells but not on mast cells and eosinophils.
The existence of differentiated antigen-specific T cells was sufficient, whereas humoral immunity was dispensable, for the induction of NHR. Since IgE and mast cells are crucially involved in the pathogenesis of AR [1, 2, 9, 32] , it is intriguing that they played an inconsequential role in the development of NHR. Despite recent advance in the knowledge of the pivotal role of basophils in some allergic situations [33, 34] , IgE-dependent activation of basophils also does not seem to cause NHR, at least under our experimental conditions.
The symptoms and pathological features of AR could be reproduced, at least in part, in its murine models. For example, nasal antigen challenge to immunized mice evoked sneezing and nasal rubbing, as well as infiltration of inflammatory cells into the nasal submucosa in these mice [35] [36] [37] [38] . In addition, several murine models exhibiting antigen-induced increase in sneezing response have been developed [39, 40] , although the mechanistic analysis has been poorly performed in these studies. By means of serial experiments employing an antigen-immunization model with CD4 depletion and an antigen-specific T cell-transfer model, we clarified an indispensable and sufficient contribution of CD4 + T cells to the development of antigeninduced NHR. Since patients with NHR are likely to suffer from severe and more often AR symptoms than those without NHR, CD4 + T cell could directly contribute to the exacerbation of AR. This was consistent with the clinical observation that beclomethasone, which targets T cell activation, inhibits antigen-induced NHR as well as nasal symptoms and inflammation in AR patients [9] . Even in a murine model, the suppression of antigen-induced nasal inflammation is achieved by using tacrolimus, another inhibitor of T cell activation [41] . Previous studies by Yoshimoto's group reported an enhanced sneezing response in immunized mice after repeated ragweed antigen challenge [38, 42] . According to our present findings, this response was due, at least in part, to NHR, although Yoshimoto's group did not mention it in their studies. However, contradictory to our findings, they reported that the augmentation of sneezing response was diminished by employing W/W v and FcεRI -/-mice. They concluded that IL-33-mediated increase in histamine release from the mast cells and basophils was important for antigen-induced augmentation of sneezing response. The appropriate reason for such discrepancy is not known, however, it is possibly related to the difference in the antigens used. It has recently been demonstrated that ragweed antigen exhibits cysteine protease activity and directly activate human basophils [43] . Some active substance that directly stimulates mast cell degranulation might also be present in the crude ragweed pollen extract used by Yoshimoto's group. Base on this, it is possible that mast cells as well as eosinophils still contribute to NHR when the sneezing response is evoked by cell type-specific nasal stimulants. The mechanisms of NHR have also been investigated in animal models, employing nasal obstruction and secretion as outcomes. Thus, treatment with a muscarinic M1/M3 antagonist attenuates antigen-induced mucus hypersecretion in rats [35] . Pharmacological intervention of neurokinin 2 and bradikinin 1/2 receptors inhibits antigen-induced increase in the nasal occlusion response in guinea pigs [44, 45] . In this regard, T cells could produce several neuropeptides such as substance P [46, 47] . Preprotachykinin-A-encoding substance P and tackykinins are expressed in CD3 + T cells and are upregulated by stimulation with phytohemagglutinin [48] .
Although the physiological process of nasal obstruction and secretion is different from that of sneezing, these neural transmitters might be involved in the CD4 + T cell-mediated enhancement of sneezing response in AR. Further clinical and animal investigations on the role of CD4 + T cell-derived neurotransmitters along with monitoring nasal obstruction, secretion, and sneezing response is important to understand the detailed pathogenesis of NHR. It is also interesting that the present findings quite resemble our previous observations obtained in the lower airways of murine asthma models. Thus, antigen-induced BHR is abrogated by the depletion of CD4 + T cells, although it develops similarly in W/W v and +/+ mice [24] . Adoptive transfer of antigen-specific Th1, Th2, and Th17 cells confers BHR to normal mice upon antigen challenge [22] . A close relationship between CD4 + T cells and BHR was also confirmed in several clinical studies on bronchial asthma [20, 21] . Although the organ structure and physiological output are quite different between the upper and lower airways, and although BHR was not developed in the current experimental conditions [37] , essentially the same mechanisms might be involved in T cell-dependent NHR and BHR. The dispensable role of eosinophils in NHR is another remarkable finding in this study because their importance in allergic diseases has been reported. In particular, BHR was considered to be mediated by eosinophils accumulated in the bronchial submucosa of patients with bronchial asthma [49] . However, recent conflicting findings observed in eosinophil-deficient mice [50] and in clinical studies targeting eosinophil-activating cytokines [51] have led to controversies regarding the role of this cell type in BHR. Furthermore, in the ragweed-induced AR model established by Yoshimoto's group, reduced sneezing response but equivalent nasal eosinophil infiltration was observed in FcεRI -/-mice [42] . Although the contribution of eosinophils in AR is considered to be lesser than that in asthma, our present results might be helpful for understanding the exact role of eosinophils in the pathogenesis of allergic diseases. Since neutrophil-derived elastase and cyclooxygenase products could cause BHR [52, 53] , neutrophils might participate to some extent in NHR in mice to which Th1 and Th17 cells are transferred. However, the contribution of this cell type to Th2-mediated NHR seems to be negligible, suggesting that CD4 + T cells could induce NHR without assistance of neutrophils as well as eosinophils. Taking these findings together, the existence of a molecule that is expressed or derived by CD4 + T cells but not eosinophils, neutrophils, or mast cells and induces NHR is suggested.
Although T cell subsets are characterized by their specific cytokine production profiles, they might commonly produce several cytokines or neurotransmitters. 
